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摘要 
为了理解P-N键在生命起源化学和生物化学中的可能作用, 本论文系统地研
究了模型化合物 N-磷酸化氨基酸（N-phosphono-amino acids， 简称 NPAAs）的
化学性质。 
氨基酸-磷酰胺内酸酐(Cyclic acylphosphoramidates, 简称 CAPAs) 是一种集
磷酸-羧酸混酐和磷酰胺两个官能团于一身的磷酸活化的氨基酸。自 CAPA 的结
构被提出以来, CAPAs 的化学反应几乎没有得到进一步的研究，所以本论文的第
二章研究了以甘氨酸-CAPA 和丙氨酸-CAPA 为代表 α-CAPAs 分子，通过同位素





应性质优化了偏三聚磷酸钠（Trimetaphosphate 简称 P3m) 和 α-氨基酸的反应并
通过此反应在水溶液中合成大量的 α-NPAAs (产率 60~91%)。这一反应的副产物
无机磷酸盐可以回收并进一步转化为 P3m，因此它是一个绿色环保的合成方法。
第二，本论文发展了 P3m/CaO 方法用于制备非 α-氨基酸的单磷酰化和焦磷酸化
产物，这一方法利用钙离子切割并沉淀 N-三聚磷酰胺衍生物的磷酸链。 
本论文的第四章对合成的 NPAAs 以及它们的类似物进行了核磁-pH 滴定实
验，准确地得到了一系列无邻近羧基的磷酰胺类似物的磷酰基氧和磷酰胺氮原子
的酸解离结合常数（pKas）。然而，α-NPAAs 的磷 31 核磁-pH 滴定曲线在 pH＝0～
5 的区域出现了反常的变化趋势，使得对它们的磷酰基氧和羧基氧原子的 pKas
测定变得困难。进一步实验结果和数据分析表明 α-NPAAs 的磷酰基氧和羧基氧
原子的 pKas 数值匹配，此结果为 α-NPAAs 的分子内氢键假说提供了支持。 
本论文第五章研究了 NPAAs 在水溶液中的各种亲核反应，包括水解，N N 
磷酰基转移和 N O 磷酰基转移反应。实验结果表明 NPAAs 的邻近官能团羧基
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离子）研究了各种离子化状态的 NPAAs 在气相中的裂解途径。 
本论文的第六章主要研究 NPAAs 的生命起源化学反应，结果表明 NPAAs
具有成肽和磷酰基转移的能力。这一过程需要高浓度的 NPAAs 溶液（pH=7~8，
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Abstract 
In this thesis, the reactivity of model compounds N-phosphono-amino acids 
(NPAAs) was explored for understanding the potential roles of P-N bond in both 
prebiotic chemistry and biological chemistry. 
Cyclic acylphosphoramidates (2-hydroxy-2-oxy-1,3,2-oxazaphospholidine-5-ones，
CAPAs) are phosphate activated amino acids possessing both a carboxyl-phosphoryl 
anhydride and a phosphoramidate bond in a ring. The chemistry of CAPAs was almost 
unexplored since it was proposed in a prebiotic reaction of inorganic polyphosphates 
(PolyPs) with amino acids. In chapter 2, the bi-electrophilicity of α-CAPAs 
(Gly-CAPA, Ala-CAPA) was identified by the isotope analysis (18O, 15N) and further 
proved by trapping α-CAPA with nucleophiles such as water, amino acids, phosphate 
and methanol in alkaline media which yielded phosphorylated products, namely, the 
NPAAs and N-(mono-substituted)phosphoryl amino acids. 
To explore the property and reactivity of NPAAs needs fairly amount of pure 
NPAAs and their analogues. In chapter 3, first, directed by the CAPA involved 
reaction mechanism between sodium trimetaphosphate (P3m) and amino acids in 
chapter 2, a one-step reaction with efficient purification procedure in aqueous media 
has been developed for the synthesis of NPAAs. P3m was used to phosphorylate 
amino acids to NPAAs with yields of 60~91%. The by-product inorganic 
polyphosphates were recycled to regenerate the phosphorylation reagent P3m. Then, 
for the preparation of N-phosphono and N-pyrophosphono derivatives of amines 
without an alpha carboxyl group, the method of P3m/CaO was developed, in which 
the phosphate tail of N-triphosphoramidates was cleaved and precipitated by calcium 
ion. 
Compounds from chapter 3 are studied by NMR-pH titration in chapter 4: pKas of 
phosphoryl oxygen and phosphoramidate nitrogen in a series of phosphoramidates 
without containing a vicinal carboxyl group were measured by 31P NMR-pH titration. 
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around pH range 0~5, which obscure the analysis of the site specific pKas of the 
corresponding phosphate and carboxyl. The results revealed that pKas between 
phosphate and carboxyl group in α-NPAAs are close to each other, which supported 
the proposed intramolecular H-bond between phosphate and carboxylate in α-NPAAs. 
In chapter 5, nucleophilic reactions of NPAAs in aqueous solution such as 
hydrolysis, N N and N O phosphate transfer reactions were investigated. It was 
found that neighboring functional groups such as carboxyl and hydroxyl group 
catalyzed the hydrolysis of NPAAs. In addition, the fragmentation pathways of 
different ionic species of NPAAs in gas phase was investigated by ESI tandem mass 
spectrometry in both positive and negative modes. 
In chapter 6, the prebioticly available NPAAs were shown to be active in both 
peptides formation and phosphate transfer reaction. The processes involve 
second-order reactions in concentrated NPAAs solutions at near pH=7~8 at moderate 
temperature. Phosphate transfer reaction between two molecular NPAAs leads to 
N-pyrophospho-amino acids, which spontaneously produce CAPAs for peptide 
formation. It was found that Mg2+ catalyzed the phosphate transfer from NPAAs to 
nucleoside monophosphates produce nucleoside diphosphates. It was suggested that 
such non-enzymatic processes might have been existed on primitive earth. 
Based on the property and reactivity of NPAAs discovered in the thesis, a novel 
phosphate transfer mechanisms involving enzymatic N-phospholysine intermediate is 
proposed in chapter 7 which might provide some clues to the biological reactivities 
and roles of N-phospholysine. 
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